Sickle cell anemia (SCA) and thalassemia are among the most common genetic diseases worldwide. Current approaches to the development of murine models of SCA involve the elimination of functional murine ␣-and ␤-globin genes and substitution with human ␣ and ␤ s transgenes. Recently, two groups have produced mice that exclusively express human HbS. The transgenic lines used in these studies were produced by coinjection of human ␣-, ␥-, and ␤-globin constructs. Thus, all of the transgenes are integrated at a single chromosomal site. Studies in transgenic mice have demonstrated that the normal gene order and spatial organization of the members of the human ␤-globin gene family are required for appropriate developmental and stage-restricted expression of the genes. As the cis-acting sequences that participate in activation and silencing of the ␥-and ␤-globin genes are not fully defined, murine models that preserve the normal structure of the locus are likely to have significant advantages for validating future therapies for SCA. To produce a model of SCA that recapitulates not only the phenotype, but also the genotype of patients with SCA, we have generated mice that exclusively express HbS after transfer of a 240-kb ␤ The biochemical basis for sickle cell anemia (SCA) was described more than 30 years ago (1, 2); however, advances in the treatment of SCA have in part been hampered by the lack of an animal model that accurately reproduces the pathophysiology and genetics of this disorder. The strategies for making a murine model of SCA have evolved as the limitations of each approach became apparent. Thus, initial efforts focused on the transfer of human ␤ s -globin genes to generate transgenic lines. Heterotetramers of murine ␣-globin and human ␤ s -globin do not polymerize efficiently; even with the addition of human ␣-globin transgenes only a small fraction of the cells sickled in vivo because of the disruption of HbS by murine ␣-and ␤-globins (3-11). Under hypoxic conditions there is more extensive deoxygenation of murine hemoglobin than HbS, as mouse hemoglobin has a lower O 2 affinity than does HbS (12). To produce a hemoglobin that would polymerize more readily, two additional mutations were introduced into ␤ s transgenes; a second mutation in codon 23 to reproduce the ␤ s Antilles allele, and a third mutation to yield ␤ s AntillesD Punjab or HbSAD (6, 7, 13) . While the SAD mice exhibited a greater propensity for red cell sickling under hypoxic conditions, this model did not fully recapitulate the features of sickle cell disease. Hence, recent efforts have been directed toward reducing or eliminating endogenous mouse globin gene expression and the production of mice that exclusively express human HbS as adults.
The biochemical basis for sickle cell anemia (SCA) was described more than 30 years ago (1, 2) ; however, advances in the treatment of SCA have in part been hampered by the lack of an animal model that accurately reproduces the pathophysiology and genetics of this disorder. The strategies for making a murine model of SCA have evolved as the limitations of each approach became apparent. Thus, initial efforts focused on the transfer of human ␤ s -globin genes to generate transgenic lines. Heterotetramers of murine ␣-globin and human ␤ s -globin do not polymerize efficiently; even with the addition of human ␣-globin transgenes only a small fraction of the cells sickled in vivo because of the disruption of HbS by murine ␣-and ␤-globins (3) (4) (5) (6) (7) (8) (9) (10) (11) . Under hypoxic conditions there is more extensive deoxygenation of murine hemoglobin than HbS, as mouse hemoglobin has a lower O 2 affinity than does HbS (12) . To produce a hemoglobin that would polymerize more readily, two additional mutations were introduced into ␤ s transgenes; a second mutation in codon 23 to reproduce the ␤ s Antilles allele, and a third mutation to yield ␤ s AntillesD Punjab or HbSAD (6, 7, 13) . While the SAD mice exhibited a greater propensity for red cell sickling under hypoxic conditions, this model did not fully recapitulate the features of sickle cell disease. Hence, recent efforts have been directed toward reducing or eliminating endogenous mouse globin gene expression and the production of mice that exclusively express human HbS as adults.
Two such models have been reported recently (15, 16) . Expression of the adult murine ␣-and ␤-globin genes was eliminated by targeted disruption of these loci in embryonic stem (ES) cells. Mice exclusively expressing human HbS were identified after successive cycles of crossbreeding knockout lines with lines expressing human ␣-and ␤ s -globin transgenes. Both of these SCA models exhibit anemia, sickling of peripheral red blood cells, and the presence of irreversibly sickled cells, as well as organ pathology (15, 16) . The transgenic lines expressing human ␣-, ␥-, and ␤-globin were produced by coinjection of fragments containing sequences from the ␤-globin locus control region (LCR), and human ␣-, ␥-, and ␤-globin genes. Thus, the human ␣-, ␥-, and ␤-globin transgenes are integrated at a single chromosomal site.
Previous studies of transgenic mice generated with plasmid, cosmid, and yeast artificial chromosome (YAC) constructs containing human ␤-globin genes have demonstrated that the normal sequence context and native order of the genes are required for appropriately regulated developmental stage and tissue-specific expression (17) (18) (19) (20) (21) . We and others have shown that the developmental pattern of expression of the human -, ␥-, and ␤-globin genes in transgenic mice generated by YAC transfer is highly reproducible, regardless of the position of integration of the wild-type locus (22) . Murine models that preserve the integrity of the entire human ␤-globin locus may have significant advantages in determining the efficacy of future strategies such as homologous recombination and reactivation of ␥-globin gene expression. To produce a murine model of SCA that recapitulates not only the phenotype but also the genetic locus encompassing ␤ 
MATERIALS AND METHODS
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Abbreviations: SCA, sickle cell anemia; YAC, yeast artificial chromosome; ES, embryonic stem; LCR, locus control region; neo, neophosphotransferase. To whom reprint requests should be addressed at: University of California, Third and Parnassus Avenue, U-432, San Francisco, CA 94143-0793. ␤ min -globin genes (Hbbth-3) produced by homologous recombination were generously provided by Oliver Smithies, University of North Carolina at Chapel Hill (23) . To generate mice with targeted deletion of the murine adult ␣1-and ␣2-globin genes, a 4.2-kb EcoRI-BamHI fragment, including exon 1 and 5Ј flanking sequences of the murine ␣1-globin gene, was inserted between the herpes simplex thymidine kinase (HSV-TK) gene and the neophosphotransferase (neo) cassette of the pPNT vector provided by Richard Mulligan (24) . A 4.8-kb BamHI-EcoRI fragment including the 3Ј end of exon 2 and extending to 3Ј flanking sequences of the ␣2-globin gene was inserted 3Ј to the neo gene. This vector was electroporated into ES cells, followed by selection in G418 and ganciclovir. Homologous recombinants were identified by Southern analysis after digestion of genomic DNA from individual ES clones with HindIII (Fig. 1) . The targeted ES cells were introduced into C57BL͞6 blastocysts to produce chimeras. Germ-line transmission was demonstrated by breeding these chimeras onto the C57BL͞6 background. F1 mice heterozygous for the deletion of the murine adult ␣1-and ␣2-globin genes then were used in subsequent breeding steps.
Transgenic Lines Carrying the Human ␣2-Globin Gene or the ␤ s YAC. A transgenic line carrying two copies of the human ␣2-globin gene linked to a 6.5-kb mini-LCR (25) was generated on a C57BL͞6͞SJL hybrid background and was provided by Stephen Liebhaber (University of Pennsylvania). Mice carrying the ␤ s -globin YAC were produced as follows. To facilitate future genetic manipulation, the 230-kb ␤-globin YAC in strain A85D10 (28) vector was linearized by digestion with BamHI and electroporated into the A85D10 neo͞lys yeast strain. After selection in Ura, Trp, and Lys media, colonies were purified and screened by PCR amplification of a 534-bp fragment of the ␤-globin gene by using the following oligonucleotide primers 5Ј (5Ј-GTACGGCTGTCATCACTTAGAC-CTCA-3Ј) and 3Ј (5Ј-GCCATCACTAAAGGCACCG-3Ј). The amplified product encompassing the codon 6 A-to-T transversion was digested with DdeI ( Fig. 2A) . Negative selection in medium containing 5-fluoroorotic acid selects for the eviction of the URA containing plasmid. PCR and Southern analysis were used to identify strains carrying the intact 240-kb ␤ s -globin YAC as described (19) . The ␤ s YAC subsequently was purified by pulsed-field gel electrophoresis and excised from agarose gels as described (19) .
Production of ␤ s YAC Transgenic Mice. FVBn1 embryos were injected with the purified ␤ s YAC and transferred according to standard protocols (29) . Founder mice were screened by using multiplex PCR. The structure of the integrated YAC sequences was analyzed by conventional and long-range restriction mapping as described (19) . In addition, the ␤ Primer Extension Analysis. The expression of the human ␤-globin gene family in line ␤ s .32 was analyzed in yolk sac on days 8.5-11.5 of gestation, in fetal liver on days 12.5-18.5, and in adult peripheral blood samples and quantitated by PhosphorImager analysis as described (19) .
Hematological Parameters. Complete blood counts were performed on a Celldyne 3500 apparatus (Idexx Veterinary Services, West Sacramento, CA). Peripheral red blood cell sickling was assessed in wet mounts of peripheral blood after incubation for 15 min with an equal volume of 2% sodium metabisulfite (30) .
Hemoglobin Analysis. Cellulose acetate gel electrophoresis was performed on peripheral blood samples from normal mice and sickle ␤ s YAC mice [Helena Laboratories (31) ]. Globin chains were analyzed by Triton͞urea gel electrophoresis (32).
RESULTS
Our strategy for producing mice that express only HbS as adults and preserve the integrity of the human ␤-globin locus was to crossbreed four different lines of mice. These lines were (i) mice carrying a targeted deletion of the ␣1-and ␣2-globin genes; (ii) mice with a targeted deletion of the adult murine ␤-globin genes; (iii) mice carrying the human ␣-globin transgene, and (iv) mice with the human ␤ s YAC transgenic locus. As human ␣-globin transgenic mice and mice with ␤ min -and ␤ maj -globin genes were available to us, we undertook the generation of targeted deletion of the murine ␣-globin genes and production of ␤ s YAC transgenic mice. Mouse ␣-Globin Gene Disruption and Rescue of ␣ Thalassemic Mice by ␣-Globin Transgenes. Disruption of the mouse ␣-globin genes was accomplished by using the pPNT-d␣1-2 vector described in Fig. 1 A. Six out of 72 neo-resistant ES cell clones had undergone the correct targeting event and were identified by the presence of the 9-kb targeted allele (Fig. 1B,  lanes 1 and 5) . Two independent cell lines were used to generate chimeric mice. Subsequent breeding generated mice with targeted mutations (Fig. 1C) . Mice homozygous and heterozygous for the deletion of both murine ␣-globin genes were designated m␣Ϫ͞Ϫ and m␣ϩ͞Ϫ, respectively. M␣ϩ͞Ϫ mice were bred with transgenic mice carrying the human LCR-␣2-globin genes (h␣ϩ͞o). Subsequently, mice that were heterozygous for the mouse ␣-globin knockout and hemizygous for the h␣2 transgene (m␣ϩ͞Ϫ, h␣ϩ͞o) were interbred to produce mice that were homozygous for the deletion of murine ␣1 and ␣2 and expressed only human ␣2 (m␣Ϫ͞Ϫ, h␣ϩ͞o) (Fig. 3) . Viable mice were produced with this geno- To construct a ␤-globin YAC carrying the ␤ s mutation we used a 230-kb ␤-globin YAC (A85.D10) that was modified initially by one-step homologous recombination to disrupt the URA gene and insert the LYS 2 gene and the neogene (A85.D10 neo͞lys). The A85D10 neo͞ lys yeast strain then was subjected to two-step recombination with vector RK306-␤ s . Homologous recombinants were identified by genetic screening and PCR amplification of a 534-bp fragment spanning the ␤ s mutation. The A-to-T transversion of the ␤ s gene results in the loss of a DdeI site (34) and the appearance of a 381-bp fragment on acrylamide gels (Fig. 2 A,  lanes 1-6) . After purification and microinjection of the ␤ s -globin YAC, transgenic line ␤ s .32 was identified. Conventional and long-range restriction mapping demonstrated fragments of the correct size hybridized with probes for each of the genes of the locus, as well as for sequences in the LCR and 5Ј and 3Ј flanking regions of the locus (Fig. 2B) . PhosphorImager analysis of Southern blots after these hybridizations indicated that there are two copies of the ␤ produce mice heterozygous for mouse ␣-and ␤-globin gene knockouts and hemizygous for human ␣-and ␤-globin transgenes (m␣Ϫ͞Ϫ, h␣ ϩ͞o, m␤Ϫ͞Ϫ, h␤ s ϩ͞o). Successive cycles of breeding were carried out with these mice, to produce animals expressing only HbS (Fig. 3) . Such mice could have one of four genotypes shown in Fig. 3 , and the expected frequency of obtaining a mouse expressing only HbS is 1͞64 pups. However, we were only able to obtain such a mouse at a frequency of 1͞500 pups examined. This indicates that mice expressing only HbS may have difficulty surviving in utero or the first days of life or are cannibalized early in the neonatal period. When compared with normal C57BL͞6 mice, animals exclusively expressing human HbS are anemic (Hct 22.4%, Table 1 ). They have approximately 10% irreversibly sickled cells in their peripheral blood, and Ͼ80% of red blood cells show HbS polymerization and sickling in the presence of sodium metabisulfite (Table 1 and Fig. 4 A and B) . Hemoglobin analysis by cellulose acetate electrophoresis confirmed the presence of only human HbS, and triton gel electrophoresis showed only human ␣-and ␤ s -globin in the peripheral blood ( Fig. 5A and B) .
DISCUSSION
We have demonstrated that mice with LCR h␣2 and ␤ s YAC transgenes rescue knockout lines with homozygous deletions of the adult murine ␣-and ␤-globin genes. Mice exclusively expressing HbS in this model have the phenotype of irreversibly sickled cells in the peripheral blood, anemia, and reticulocytosis observed in other murine models of sickle cell disease and in individuals with SCA. The developmental expression of the human ␤-globin gene family is comparable to the pattern observed in transgenic lines carrying the wild-type locus. Thus, ␥-globin gene expression decreases to 1-5% at birth and is undetectable in mature mice carrying the ␤ s YAC. There are several possible explanations for the low frequency of live-born mice exclusively expressing HbS. First, the pattern of expression of the human ␥-globin genes in YAC transgenic mice differs substantially from their expression in human development. ␤ s YAC transgenic mice express relatively high levels of human ␥-globin until days 12-14 of gestation. Thereafter, the level of ␥-globin at the mRNA and protein levels decreases to 1-5% at birth. Thus, mice expressing HbS are not protected from intrauterine and perinatal sickling crises during hypoxic periods as are human infants with SCA who express high levels of HbF during the perinatal period. It is likely that there is a high rate of perinatal wastage of fetuses expressing HbS in our model. In contrast, in both of the recently described transgenic͞knockout models of SCA, ␥-globin levels in newborn mice ranged from 30 to 50% in one model (15) and 4 to 26% in the other (16) . In the latter study, a cohort of newborn mice dying in the first few hours of life was described. The death of these pups was attributed to hypoxia and the sequelae of intravascular red cell sickling in the lungs and other tissues (16) .
A second factor limiting the survival of pups exclusively expressing HbS may be attributed to variation in independently segregating factors. These may be proteins that participate in the regulation of gene expression or play a role in as yet undefined regulatory pathways. It is clear from analysis of human populations with SCA and murine models of SCA that epigenetic factors contribute to the severity of sickle cell disease. For example, independent loci that participate in the phenotype of hereditary persistence of fetal hemoglobin have been mapped to chromosome 6 (35) and to the X chromosome (36) . The identification of other genetic loci that modulate the severity of SCA will have important implications for the development of future therapeutic approaches for this disorder.
There are several potential advantages of our sickle cell mice harboring the ␤ s YAC for future studies evaluating new therapeutic approaches for the treatment of SCA. Although some factors that moderate the severity of sickle cell disease are known, others are not yet defined and their site of interaction with the ␤-globin locus is not known. Thus, it is important to preserve the sequence context and the spatial organization of the ␤-like genes and LCR. Similarly, the cis-acting sequences and trans-acting factors that participate in activation and silencing of the human ␥-globin genes also are not completely understood. Future therapeutic options for SCA almost certainly will include efforts to develop drugs that reactivate fetal globin gene expression. The normal genomic context of the ␥-globin genes may be an important prerequisite for responses to drugs in murine models to be predictive of their effects in human erythroid cells and progenitors. Finally, (37) . Clearly, the efficiency of homologous recombination in vivo using different targeting constructs will be evaluated best when the chromosomal locus containing the ␤ s -globin gene retains its native structure and conformation as it does in YAC transgenic animals.
